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ABSTRACT 
This thesis describes a computer-based technique for assessing 
ultimate open-pit mine limits. The method accounts for uncertainties 
in the economic conditions that affect ultimate pit limits including 
mining and processing costs and mineral prices. 
The proposed technique is called the SAMPLE method, which stands for 
Sensitivity Analysis for Mine Pit Limits Evaluation. The method is 
based on the use of sensitivity analysis and involves computing a 
series of pit limits using different values of the economic 
parameters. The key to making the method a practical tool is the 
development of a pit-design parameter that combines all relevant 
economic factors into a single parameter. This parameter is similar, 
but not identical, to the traditional pit-design parameter called the 
"stripping ratio." 
The feasibility and benefits of the SAMPLE method are demonstrated by 
means of a case study. In this study the ultimate pit limits of the 
Excelsior iron deposit are calculated for seven different values of 
the pit-design parameter. These seven values cover the full spectrum 
of future economic conditions. The resulting pits indicate the range 
of the Excelsior pit configuration under different economic 
conditions. 
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Based on its use in the case study as well as an appraisal of its * 
applicability to other deposits, the author finds that the SAMPLE 
method is a practical way to evaluate ultimate open-pit mine limits in 
a changing economic environment. The method is applicable to most 
mineral and coal deposits except for those with highly variable grades 
and high ore crushing costs. In spite of the high computation costs 
involved in using the method, it provides information that a mine 
planner can use to develop a more profitable open-pit mine. 
-2- 
INTRODUCTION 
One challenge that industrial engineers face in the coming decade is 
the need for decision-making schemes that optimize an entire planning 
process, rather than optimizing individual steps within the planning 
process. 
During the 1960's most of the computer science applications in the 
mining industry aimed at performing repetitive tasks faster and with 
less manpower. The procedures employed in these applications directly 
paralleled the original manual procedures, for example, multiplying 
hours worked by the hourly rate and subtracting the federal income tax 
and social security to calculate take-home pay. Consequently, the 
greatest progress was achieved with uncomplicated tasks such as the 
accounting, billing, and payroll functions. The operations-research 
applications in the mining industry frequently involved simulation or 
"Monte Carlo" analysis, as it was sometimes called (reference 31). 
Mine managers found simulation easy to understand because with 
simulation the computer was using procedures that closely paralleled 
real-world procedures. This understanding, in turn, eased the 
acceptance of simulation as a management tool. 
In the 1970's, the direction of operations research in mining shifted 
from performing tasks faster to performing them better. For the most 
part, computerized planning was taking about the same time as manual 
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planning, but with computerized planning, many times more alternatives 
were being considered than could have been considered with manual 
methods. The result was better solutions. At the same time, there was 
a shift of emphasis from techniques that closely paralleled manual 
procedures to more abstract techniques that were designed around the 
capabilities of the computer. This shift was typified by the 
decreasing use of simulation and and the increasing use of 
mathematical solutions, such as linear programming (references 3, 11, 
and 27). 
Unfortunately, a frequent shortcoming of operationstresearch 
applications was their use in isolated decision situations without 
regard for the upstream and downstream decision processes. All too 
often, operations researchers, armed with some new methodology, sought 
industrial situations where such methods appeared to fit (reference 
35). Once implemented, these solutions failed to deliver the expected 
benefits. The failure was not necessarily the solution itself, but in 
not realizing "that, when considered in the scope of the entire 
decision4making scheme, the problem under attack was inconsequential 
(reference 1). 
Perhaps the best example of a failure of this kind is the supersonic 
transport (SST). The SST was developed because the technology of 
supersonic flight was available and it appeared to be a faster way to 
get from Paris to New York.  But  the flight time saved was small when 
compared to the three hours it took to claim baggage, pass customs, 
and travel from Kennedy Airport to downtown Manhattan. Failing to 
consider the entire transportation problem of travelling from Paris to 
New York City, but instead focusing on the isolated problem of flight 
time, produced a solution that, in the end, has been of little benefit 
to anyone. This same "solution^ looking Afor^af problem" syndrome 
frequently occurs in operations research. 
If industrial engineers are to avoid solutions like the SST, they will 
have to develop decision^making schemes that encompass entire planning 
processes, rather than optimizing individual steps within a planning 
process. Industrial engineers must first determine: what decisions 
need to be made, why they need to be made, and when is the best time 
to make them. Once the answers to these questions are clear, the 
question of how to make the decisions can be addressed in proper 
perspective. 
Accordingly, the study described in this thesis considered the 
optimization of ultimate pit limits within the entire process of 
openfcpit mine planning. It was recognized that the optimality of the 
pit limits is lost as soon as the assumed economic conditions change 
(reference 12). 
*5# 
Therefore, optimum pit limits are of little benefit unless the 
optimization method accounts for future economic conditions. This 
thesis proposes a pit*limit optimizing method that accounts for 
changing economic conditions and illustrates it in a case study. 
±6* 
./ - -J BACKGROUND 
The Open-Pit Mine Planning Scheme 
The assessment of ultimate pit limits is an important step in planning 
a modern open-pit mine. Through this process, the mine planner sets 
physical bounds on the dimensions of the mine and estimates the 
minable ore reserves as well as the resulting net profits. Thus, the 
pit-limits assessment provides an initial rough appraisal of the 
economic viability of a the mineral deposit. 
The pit-limits assessment is the second step in the open-pit planning 
scheme that can be described in the following four steps: 
o Characterizing the mineral reserve 
o Assessing the ultimate pit limits 
o Designing the unit operations 
o Scheduling the pit production. 
As background, each of these planning steps will be defined and their 
relationship to the pit-limits assessment will be reviewed. The entire 
open-pit planning scheme, including the interaction between the major 
steps, is illustrated in Figure 1. 
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CHARACTERIZING THE MINERAL RESERVE 
Reserve characterization is the process by which data collected from 
the mineral reserve are interpreted and formulated into a reserve 
model. At the mine planning stage, these data most often consist of 
geologists' interpretations of drill^core samples and the associated 
chemical analyses. The amount of drill^core data collected depends on 
the predictability of the mineral deposit and on the cost of drilling. 
In addition to drill*core data, geophysical data may also be 
available. These can include seismic surveys, geophysical borehole 
surveys, aerial magnetometer surveys, and self^ or induced*potential 
measurements. Usually, maps of the structural geology developed from 
geologists' field observations are also available. These maps indicate 
features such as rock folds, faults, and dips as well as the rock 
types and any exposed mineralization. 
Traditional Methods 
Traditionally, the end product of the interpretation of these reserve 
data has been a set of maps. Such maps are, in fact, one kind of a 
mineral reserve model. The most common type of map used for open*pit 
planning is a cross section of the mineral deposit. Usually, cross 
sections are developed as a series of vertical, parallel, and equally 
spaced slices through the deposit. This type of mapping lends itself 
*9* 
to a frequently used manual open^pit design technique called the 
"cross^section method" (reference 42). Other types of commonly used 
maps include horizontal cross sections called "level maps" and contour 
maps of mineral seam or vein characteristics (reference 26). 
Computerized Methods 
In the past two decades, the use of computerized open*pit planning 
methods has fostered the use of the three^dimensional (3*D) block 
model. In such a model, the mineral reserve is divided into a 
three-dimensional grid of uniform rectangular blocks. The vertical 
dimension corresponds to the mining bench height. The choice of the 
horizontal dimensions is a compromise between the need for a detailed 
model that requires many small blocks and the limitations of computer 
capacity that constrain the number of blocks that a model can contain. 
Other types of models that have been used include: (1) the variable 
block model in which one or more dimensions can vary from block to 
block within the same model, and (2) the polygon block model that is 
composed of levels of irregular polygons (references 23 and 46). 
Regardless of the block shape, each block is characterized by one or 
more parameters. These parameters include data such as the tons of 
rock, tons of ore, ore grades, rock types, and processing 
characteristics. The number and nature of the parameters used depend 
on the deposit and the purpose of the planning study. Such models are 
either computed directly from drill core data or projected from 
HO* 
hand*drawn cross sections. 
Relationship to The Assessment of Ultimate Pit Limits 
The validity of the ultimate pit*limits assessment is directly linked 
to the validity of the reserve model. The validity of the reserve 
model depends on the amount and the reliability of the data collected 
from the reserve as well as the appropriateness of the interpretation 
method. There have been recent developments in statistical methods 
aimed at quantitatively assessing the reliability of mineral reserve 
models (references 5 and 21). For the most part, however, these 
methods have only had limited application, particularly in the United 
States. Consequently, the assessment of the sufficiency of reserve 
models remains largely an unquantified empirical process. 
ASSESSING THE ULTIMATE PIT LIMITS 
The objective in assessing ultimate pit limits is to find the pit that 
produces the maximum amount of ore while making certain that every 
individual increment of ore within the pit limits can be mined at a 
profit. At the same time, the pit limits are constrained by geometric 
factors such as a maximum slope of the pit wall and a minimum pit 
bottom size. Surface obstructions such as rivers, lakes, and property 
boundaries must also be accounted for. 
All* 
Many different methods are used for computing optimum pit limits and 
many more have been proposed (references 6, 8, 14, 15, 18, 20, 30, 32, 
39 and 44). Among the wide range of techniques that have been applied 
to this problem are graph theory (references 29 and 40), dynamic 
programming (reference 19), linear programming (references 22 and 35), 
network flow (reference 17), and an assortment of heuristic methods 
(references 24, 28, 34, and 38). All these modern, computerized 
techniques operate on the basis of a mineral reserve model that 
defines the location of the ore and the surrounding rock in 
three*dimensional space. As discussed in the section on reserve 
characterization, the most commonly used model is the 3*D block 
model. From the block parameters a net dollar value for each block is 
computed by subtracting the cost to mine and process the block from 
the market value of the ore in that block. As a result of this 
process, blocks containing no ore are given negative dollar values 
equivalent to the cost of mining and disposing of the waste rock. 
Blocks containing ore can have either positive or negative net values 
depending on the amount and grade of the ore they contain (reference 
20). 
The process of computing the ultimate pit limits involves determining 
which blocks can be mined profitably. The profitability of an ore 
block depends not only upon its individual dollar value, but also upon 
how much overburden has to be mined to get at the ore block, as well 
H2* 
as how many adjacent ore blocks are available to help pay for the 
mining of the overburden. For example, a block can have a high dollar 
value and still not be profitable if it is covered by many blocks of 
waste that must also be mined. In the pit^limits evaluation process, 
blocks must also be considered incrementally. That is, an ore block 
should be allowed to pay for the mining of a waste block only if that 
waste block must be mined in order to mine the ore block. The optimum 
ultimate pit is the one that mines all the profitable ore blocks and 
associated blocks of waste, while not mining any unprofitable blocks. 
Assumptions and Limitations 
The economic principle behind the assessment of ultimate pit limits is 
that a rational mine operator will continue to mine a mineral reserve 
only as long as his marginal costs are less than his marginal 
revenues. When the marginal costs begin to exceed the marginal 
revenues he will stop mining. Theoretically, this point will be 
reached on the last operating day of the mine. Consequently, the 
ultimate pit limits are evaluated as if each mining increment is being 
mined on the last day of operation. By this point in the mine's 
economic life, all capital investments should be fully depreciated and 
only the variable costs of mining the final increment are considered. 
This theoretical basis provides the advantage that the mine planner 
need only estimate the variable mining costs in order to evaluate 
ultimate pit limits.  Unfortunately, it also assumes that the costs to 
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mine the last increment and the profit . from that increment are 
realized on the same day (references 13 and 16). Because there is no 
consideration given to the time value of money, the ultimate pit 
limits will tend to include increments that would be unprofitable if 
the time value of money had been considered (reference 41). Because 
of the definition of an increment, it is inevitable that the waste it 
contains will be mined before the ore it contains. This time lag is 
at least a few days, but is usually weeks or months. Added to this 
time lag must be the time it takes to process the ore and to realize 
the income from either the direct sale of the ore or the products 
resulting from further processing of the ore. 
These assumptions limit the value of the ultimate pit limits as a 
predictor of the cash flow that can be expected from a mineral 
reserve. But, the ultimate pit limits do provide fundamental design 
information. The mine planner must however realize that the minable 
reserve and gross profits predicted by the ultimate pit limits are 
optimistic, and that cash flows cannot be calculated at this stage of 
planning. The cash flows cannot be calculated until a practical 
mining sequence is developed and the actual time lag between the 
stripping of overburden and the realization of profits from the mined 
ore can be accounted for (reference 25). 
The ultimate pit limits define an upper bound on the physical limits 
of the mine,  and the amount of ore and waste that will be mined and 
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transported during the lifetime of the mine. From these figures the 
gross operating profits can be bounded; and if they are insufficient, 
the mineral reserve can be rejected at this stage of planning. If, on 
the other hand, the gross profits are sufficient, the basic data 
needed to design the mine unit operations are available. By computing 
the ultimate pit limits, the mine planner can significantly reduces 
the amount of material that must be considered in the pit scheduling 
process. 
DESIGNING THE UNIT OPERATIONS 
The unit operations of an openrpit mine can be classified into four 
basic groups: 
Excavation 
Loading 
Transportation 
Auxiliary Operations 
Excavation is the process by which rock is broken into a size that can 
be handled by the loading system. Most frequently the process 
consists of drilling and blasting. But if the rock is easily broken, 
it might be excavated by a bulldozer equipped with a ripper or, in 
extremely soft ground, a bucket wheel excavator. 
Loading is the process by which excavated rock is fed to the 
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transportation system. Electric shovels are most frequently employed, 
but the use of draglines and front^end loaders is increasing. 
Scrapers and load*haul*dump units combine both the loading and the 
transportation operations into a single piece of equipment. 
Transportation is the process of moving ore and waste from the mine 
face to the ore processing plant and the waste disposal area, 
respectively. Trucks of either the direct*drive*diesel design or the 
diesel*electric design are most frequently employed. Conveyor belt 
systems as well as railroad systems have been used, but their use has 
diminished as open*pit depths have increased. Other kinds of 
transportation systems include hydraulic transportation, skips, 
hoists, and ore chutes (references 2, 7, 10, 33, and 36). 
The auxiliary operations include all other systems necessary to 
support the three basic unit operations. They include maintenance, 
waste disposal, crushing, surface reclamation, road development, 
electric power, and construction (reference 37). 
Selection of the Type of Equipment 
In spite of the wide variety of equipment that is employed in the 
surface mining industry, the choices of equipment for a particular 
mine are few. Mines can usually be categorized by the mineral being 
mined because  there is little variation in the choice of equipment 
M6f 
within a mineral group. For example, the majority of open^pit copper 
mines use drilling and blasting, electric shovels, and dieselAelectric 
truck haulage. The types of equipment selected depend primarily on 
the strength of the rock being mined and the depth of the mine. In 
fact, these two characteristics are correlated. When the rock is soft 
the pit slopes must be more gentle, and the economic pit limits will 
be more shallow. Conversely, hard rock supports steeper pit walls, 
and a deep pit is economically feasible. 
Because of the limited choice of equipment for a given mineral 
reserve, it is likely that the type of equipment will have been chosen 
long before the ultimate pit limits are ever computed. Or, at most, 
two different types of equipment are considered, and the choice will 
be made on the basis of a cost comparison carried out as part of the 
design of the unit operations. Therefore, although the selection of 
equipment is affected very little by the ultimate pit limits, the 
choice of equipment will affect the mine operating costs and, in turn, 
the ultimate pit limits.  (See Figure 1.) 
Design of the Unit Operations 
Once the type of equipment has been decided, the design of the unit 
operations can begin. The unit operations design involves deciding 
the size of the equipment to be used and the number of pieces of 
equipment necessary to satisfy the mine production requirement. The 
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basic inputs to this process are: (1) the minable ore and waste 
reserves that are computed during the assessment of the ultimate pit 
limits and (2) an operating strategy that defines the schedule of ore 
tonnage and grade requirements for the mine. For example, a typical 
strategy would be to provide lOl-million tons of ore per year over the 
life of the mine, while maintaining as uniform a grade as possible. 
With an eye towards improved cash flow, a company might choose to mine 
at a uniform rate, but try to mine the highest grade ores in the early 
years of the mine life. Such a strategy will, however, increase the 
capital requirements of the ore processing plant, because the plant 
will have to handle a variety of ore grades over its life time. The 
operating strategy will usually be decided on the basis of the market 
for the mineral being mined and the company's financial position with 
respect to available capital and required cash flows. 
As a result of the design process, the size of equipment will have 
been decided and the required fleet size at various points in the 
mine's life determined. From these results, the mining and 
transportation costs per ton will be estimated. 
Relationship to the Ultimate Pit Limits 
The relationship between the ultimate pit*limits assessment and the 
design of the unit operations is a two*way interaction. The ultimate 
pit limits contain all minable ore and waste.  A report of the minable 
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reserves completely defines the amount and the physical location of 
all material that must be mined and transported over the life of the 
mine. From this information, the capacities of the excavation and 
loading systems can be calculated once the locations of the ore 
processing plant and waste disposal site are defined. Consequently, a 
change in the ultimate pit limits can significantly alter the amount 
of material that the unit operations must handle and, thus, have a 
large impact on the design of this system. 
The computation of the ultimate pit limits is based on the estimated 
marginal cost of mining ore and waste as well as the market value of 
the ore produced. A change in the mining costs, which depends on the 
design of the unit operations, can have a significant impact on the 
ultimate pit limits, and subsequently the minable reserves. As 
previously indicated, the tonnage of the minable reserves has an 
impact upon the design of the unit operations. Thus, this two-way 
interaction between the ultimate pit limits and the design of the unit 
operations appears to be a chickenj!'or'tthe^egg problem that contributes 
to the uncertainty in the assessment of pit limits. Developing a 
method for dealing with this uncertainty is the objective of this 
thesis. 
Before discussing the proposed solution, it is worthwhile to examine 
the final open^pit planning step, so that the entire planning scheme 
is fully defined and any additional interactions between the ultimate 
*19* 
pit limits and the production scheduling process can be identified. 
SCHEDULING THE PIT OPERATIONS 
The objective of the production scheduling process is to develop a 
sequence of ore and waste removal that comes as close as possible to 
the operating strategy defined for the mine. This schedule is 
constrained by geometric requirements such as: (1) staying within the 
ultimate pit limits, (2) maintaining safe working pit slopes, and (3) 
mining only ore or waste that is exposed at the mine face. Operating 
factors that affect the production schedule include the capacity of 
the mining and transportation fleet, the ore processing and 
stockpiling capacities, and the ore tonnage and grade requirements. 
Because of the number and complexity of the constraints affecting the 
pit production schedule, the use of mathematical techniques for 
solving the pit scheduling problem has been very limited. One major 
attempt at optimizing the pit production schedule through the use of 
mathematical programming methods has met with very limited success 
(reference 9). The bulk of the computer-based methods in use today for 
pit scheduling employ a "manumatic" approach (references 46 and 47). 
These tools provide the mine planner with a means of quickly 
evaluating the ore tonnage and grade produced from a trial pit 
configuration. The planner then has the alternative of developing a 
new configuration or accepting the initial one and continuing on to 
*20* 
develop the remainder of the production sequence. This type of 
program works on the basis of a 3^D block model. The user defines a 
trial pit by entering a digitized outline of the bottom of the 
proposed pit. The program projects the sides of the pit upward at the 
specified pit slope and then calculates the ore and waste tonnage 
contained within the projected pit. A key characteristic of this type 
of scheduling method is the  involvement of the mine planner in the 
a- 
decision*making process. The disadvantage of this method is the 
limited number and scope of alternatives that  are considered because 
of the creativity of the user and the time available to develop a 
schedule. 
The Interrelationship with The Other Planning Steps 
The pit scheduling process involves several complex interactions with 
other mine planning steps. Logically, since pit scheduling is the 
final planning step, it depends on the results of all previous steps. 
The most important interaction is the constraining effect the capacity 
of the unit operations and the ore processing plant has on the 
production schedule. Generally, the tighter this constraint, the 
lower the capital cost of the operation. However, having tight 
capacity constraints severely limits the degree to which the 
production schedule can satisfy the desired operating strategy. 
Having to maneuver under severe capacity limitations can also increase 
operating costs.  Having too much capacity ,however, wastes capital 
*21* 
and reduces the return^on^investment of the operation. 
To achieve the most effective balance among these three variables 
(operating strategy, capital requirements, and operating costs) 
requires systematic evaluation that tends to be so unique from case to 
case that it is virtually impossible to develop a general methodology 
to solve it. In point, this problem is one which rarely gets resolved 
in the initial planning process. It is a problem that is faced and 
reevaluated continuously during the life of the mine. The important 
fact to realize is that there is a feedback to the design of the unit 
operations. This feedback in turn affects the assessment of the 
ultimate pit limits and adds to the uncertainty of the economic 
environment in which the ultimate pit limits are evaluated. 
*22f 
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THE PROBLEM 
The position and shape of a mine's ultimate pit limits are inevitably 
uncertain. This uncertainty exists because the geologic and economic 
data used to compute the limits are uncertain and there is uncertainty 
in the mine planning process itself. 
In the past, when ultimate pit limits were calculated manually, these 
uncertainties were usually ignored, partly because mine operators were 
not as concerned about mine planning and partly because evaluating one 
set of pit limits by hand was such a major effort that there was 
little time to deal with the uncertainties. One of the benefits 
claimed when computers were first used to assess ultimate pit limits 
was that as the economics changed, new ultimate pit limits could be 
readily calculated. Unfortunately, the pit production schedule cannot 
be rearranged to fit the new pit limits as easily as new limits can be 
calculated. Consequently, only when major changes in the mineral 
price or mining costs occur are the ultimate pit limits reassessed and 
the production schedule adjusted to the new pit limits. To resolve 
this problem, some method is needed to develop production schedules 
that account for possible changes in the pit limits. 
The data used to compute ultimate pit limits can be grouped as 
follows: geologic data, mining and processing costs, and mineral 
price.  The geologic data include the rock mechanics data that are 
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used to compute the allowable pit slopes and develop the mineral 
reserve model. The mining and processing costs include all 
expenditures necessary to mine and convert ore into marketable 
products. The mineral price is the income realized from the sale of 
these products. 
The uncertainty in these data come from three sources: sampling 
errors, the mine planning process itself, and the economic 
environment. 
Sampling errors are the primary cause of uncertainty in the geologic 
data. Nearly all information available from an unmined deposit is 
obtained by drilling, rather than by direct observation. Therefore, 
the geologic data will reflect the statistical uncertainty that 
results when a deposit is projected from a limited number of samples. 
Although collecting more samples will reduce the uncertainty in the 
geologic data, there is a point where the cost of additional samples 
will not be justified by the resulting increase in certainty. 
Consequently, some degree of uncertainty in the geologic data is 
inevitable, because it is not economical to eliminate all the sampling 
error. 
The mine planning process creates uncertainties which add to the 
uncertainty of the ultimate pit limits. For example, the mining costs 
cannot be computed until the unit operations are designed and the unit 
*24* 
operations cannot be designed until the ultimate pit limits are known 
(See Figure 1). Consequently, to compute the ultimate pit limits, the 
mining costs must be estimated, a process that contributes to 
uncertainty in the ultimate pit limits. Similarly the choice of bench 
heights and their positions must also be made at an early, stage in the 
planning process, in spite of the fact that the data necessary to make 
a fully informed decision on benches are not available until the unit 
operations are designed. These feedback problems in the mine planning 
process create uncertainty, primarily in the mining and processing 
costs. 
The economic environment is a source of uncertainty that affects both 
the mineral price and the cost of mining and processing during the 
entire life of the mine. For example, the market place sets the 
mineral price of the ore, and the mining costs are affected by the 
price of equipment, labor and supplies. Governmental policies are 
also part of the economic environment. For example, the enactment of 
a strict land reclamation law can abruptly and significantly raise the 
mining costs. 
Each of these three sources contributes to uncertainty in the ultimate 
pit limits. Any solution to this problem must be evaluated in light 
of all three types of uncertainty. 
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THE SOLUTION 
The proposed method of dealing with the uncertainties in the 
assessment of ultimate pit limits is based on the use of sensitivity 
analysis. This approach to open*pit mine design will be referred to 
as the SAMPLE method which stands for Sensitivity Analysis for Mine 
Pit Limits Evaluation. The SAMPLE method involves developing a series 
of ultimate pit limits based on a range of possible future values of 
the design parameters. Using this series of pit limits, a pit design 
and a production schedule can be developed that avoid placing critical 
mine facilities, such as haul roads, in areas where the ultimate pit 
limits may change significantly. Thus, as the economic environment 
changes, shifts in the ultimate pit limits will be easily 
accommodated. Furthermore, pit production schedules can be developed 
that initially mine only that ore and the associated waste that has a 
high probability of being profitable. The schedule can be designed to 
postpone as long as possible the mining of waste to uncover ore that 
may later become uneconomic. In addition, having a series of pit 
limits in hand, avoids recomputing the pit limits each time the 
economics change. 
In spite of the apparent simplicity of this approach, developing a 
practical scheme to apply it is not nearly so straight forward. For 
example, the number of trial pits resulting from the variation of four 
design parameters, for three levels each,  is 81 pits.  In addition to 
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the expense involved in making so many pit limit evaluations, the 
difficulty of taking all 81 pit limits into consideration while 
developing the production schedule makes this kind of "brute+force" 
approach to sensitivity analysis impractical. 
A partial solution to this problem was proposed by Bongarcon, 
(reference 4) who developed a method for quickly computing a series of 
pit limits based on various levels of a single design parameter. 
Unfortunately, the difficulty of considering the results of a 
multifparameter analysis still exist. 
One method of overcoming this shortcoming in Bongarcon's method is to 
develop a single design parameter that combines all relevant economic 
factors. A series of pit designs based on a variation of this single 
parameter will allow a mine planner to determine the pit limits by 
calculating the current value of the design parameter and using the 
pit limits that correspond to that value. In addition, this series of 
pit limits can be examined to determine those pit areas that are 
likely to change under varying economic conditions. 
FORMULATION OF THE PIT*LB1ITS DESIGN PARAMETER 
One parameter that has been traditionally used in open pit design is 
the "stripping ratio". It is calculated by dividing the tonnage of 
waste in a mining increment by the tonnage of ore in the increment 
(reference 45). In using this parameter to design a pit, it is 
presumed that an increment with a stripping ratio higher than some 
maximum cannot be mined profitably. This value of the stripping ratio 
is called the "break-even stripping ratio" because the maximum 
desirable stripping ratio is just .at the point where the ore in the 
increment is paying for the mining of the waste in the increment. At 
this point the mine operator is "breaking even." To calculate the 
break-even stripping ratio the value of the increment is set to zero 
as illustrated in the following analysis. 
The net value of a mining increment can be calculated as follows: 
INCREMENT  MINERAL  MINING  PROCESSING 
VALUE  = VALUE  - COSTS  -  COSTS 
($)       ($)     ($)       ($) 
Equation 1. 
where: 
INCREMENT VALUE = Net value of the mining increment 
MINERAL VALUE = Market value of the recovered mineral 
MINING COSTS = Cost of mining the increment 
PROCESSING COSTS = Cost to process the ore into a marketable product. 
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Expressing  each  term  of Equation  1 in  terms of  increment 
characteristics and economic parameters yields the following formula: 
V(Oi.Gi«Ri) P(Oi«Gi«Ri) 
10,000 10,000 
Equation 2. 
where: 
Ni = Net value of mining increment i ($) 
V = Market value of the mineral ($/ton) 
Oi = Tons of ore in increment i (tons) 
Gi = Average ore grade in increment i (%) 
Bi * Percent of the mineral recovered during processing (%) 
M = Mining costs ($/ton) 
Wi = Tons of waste in increment i (tons) 
P = Ore processing costs ($/ton of mineral recovered). 
Setting the increment value to zero and collecting the terms involving 
the ore and waste tonnages to express the formula in terms of the 
stripping ratio yields: 
Wi  Gi'Ri   (V-P) 
Oi  10,000    M 
Equation 3. 
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Unfortunately, using the stripping ratio as the design parameter 
leaves the ore grade (Gi) and recovery (Ri) parameters on the right 
side of the equation. This means that the break-even stripping ratio 
varies with the grade and recovery of the increment. In order to 
develop a design parameter that can be applied to all blocks, the 
grade and recovery must be moved from the right side of the equation 
to the left side.  Performing the necessary algebra yields: 
Wi+Oi  10,000   V-P 
Oi     Gi Ri    M 
Equation 4. 
Equation 4 is the kind of design parameter that is needed to evaluate 
the economic viability of a mining increment. The right side of the 
equation involves only parameters defined by the environment: the 
mineral market value (V), and the mining (M) and processing costs (P). 
The left side of the equation involves only characteristics of the 
mining increment: the tons of ore (Oi) and waste (Wi) in the 
increment, and the grade (Gi) and recovery rate of the ore (Ri). 
USING THE PIT-LIMITS DESIGN PARAMETER 
Equation 4 represents a relationship that can be used to compute 
ultimate pit limits. To compute the current location of the pit 
limits, the planning engineer calculates the value of the right side 
of the equation based on the current market value (V) and costs (P,M). 
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For convenience this parameter will be referred to as a "stripping 
ratio", even though it is not the traditional stripping ratio (Wi/Oi). 
It is convenient to think of this design parameter as the ratio of the 
total mined tonnage to the tons of recovered mineral. Any increment 
with a stripping ratio higher than the current breakeven stripping 
ratio cannot be profitably mined and should not be included in the 
pit limits. 
To apply this design methodology in the context of computerized mine 
planning requires a reserve block model with at least three 
parameters: the tons of ore, the tons of waste, and the ore grade. If 
the recovery is not constant for all parts of the deposit, it too must 
be included as a parameter. To evaluate the stripping ratio of an 
increment, the sum of all waste and ore in the increment would be 
calculated. This "mined" tonnage divided by the recovered mineral 
tonnage gives the stripping ratio of the mining increment. If this 
ratio is less than the breakeven stripping ratio, it is a profitable 
increment and should be mined. This method is expressed in 
mathematical terms in the following equation: 
*3H 
A mining increment is profitable if.... 
n 
2(WJ-K)j) 
j-1 V-P 
n M 
2 (Oj x Gj/100 x fcj/100) 
Equation 5. 
where: 
n 
2= summation of all "n" blocks in the mining increment. 
To apply this pit limit evaluation method using sensitivity analysis, 
a mine planner would develop a series of pit limits with each 
individual pit limit based on a different value of the break-even 
stripping ratio. With these pit limit configurations in hand, in the 
future, locations of the pits limits can be obtained simply by 
computing the current value of the break-even stripping ratio and 
selecting from the already-computed series of pit limits, the pit 
limits that were computed for that particular value. 
This method is fully illustrated by means of a case study in the next 
chapter. 
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A CASE STUDY 
This case study illustrates the SAMPLE method of assessing ultimate 
openfpit mine limits that is proposed in the previous chapter. The 
method is applied to an iron deposit that appears to be economically 
minable by open*pit methods. Since the economic environment for the 
mining venture is uncertain, it is important that the ultimate pit 
limits be evaluated over a wide range of economic conditions. 
The deposit under consideration is the Excelsior deposit. This iron 
deposit has been known for many years and it has even been mined on a 
small scale, mostly at outcrops where the ore is easily accessible. 
This deposit has been extensively studied by geologists through the 
mapping of the outcrops and faults as well as by drilling. Over 400 
core holes have been drilled in the deposit. Based on this drilling 
and other geologic data, the geologists have developed 40 cross 
sections of the deposit. These cross sections represent their 
interpretation of the deposit configuration in terms of the location 
and shape of the known mineral lenses. Figures 2 through 5 show four 
typical cross sections. 
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EXCELSIOR   DEPOSIT 
Geologic   Cross   Section 
Vertical Cross Section No. 07 Looking East 
Sc 1:5000 
Figure 2 - Geologic Cross Section No. 07 
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EXCELSIOR   DEPOSIT 
Geologic   Cross   Section 
Vertical Cross Section No. 17 Looking East 
Seal -        1:5000 
Figure 3 - Geologic Cross Section No. 17 
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EXCELSIOR   DEPOSIT 
Geologic   Cross   Section 
Vertical Cross Section No. 24 Looking East 
Seal 1:5000 
Figure 4 — Geologic Cross Section No. 24 
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EXCELSIOR   DEPOSIT 
Geologic   Cross   Section 
Vertical Cross Section No. 37 Looking East 
Sc =     1.5000 
Figure 5 - Geologic Cross Section No. 37 
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The geologists have also developed detailed contour maps of the 
topography in the area surrounding the Excelsior deposit. 
Even with the extensive drilling that was done, there is still a great 
deal of uncertainty concerning many of the mineralized lenses. As a 
result, the geologists classified each of the lenses according to the 
confidence they had in the location and shape of a lens. Each lens was 
classified as being either a high, medium, or low confidence lens, 
depending on its depth and how many drill holes had confirmed its 
existence. 
Just as each lens had been classified according to confidence, the 
lenses were also classified as one of three ore types, depending on 
the nature of its mineralization. 
When a drill hole intersected a mineralized lens, the core was sampled 
and analyzed to determine its magnetite content or grade. Based on 
these core sample analyses, the geologists computed an average 
magnetite grade for each ore lens. 
In summary, each lens has an estimated grade, an ore class, and a 
confidence level. 
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DEVELOPMENT OF THE COMPUTER-BASED MINERAL-RESERVE MODEL 
The first step in applying the SAMPLE method is to develop a 
computerized model of the mineral reserve. In this case the 
traditional three-dimensional matrix of rectangular blocks was 
selected because (1) it provided a satisfactory representation of the 
mineral reserve and (2) most open-pit mine planning programs are 
designed to deal with this type of model. 
Computerizing the Excelsior Data 
The parameters for the individual mining blocks were based on data 
from three sources: (1) the geologic cross sections of the deposit 
(Figures 2-5), (2) the maps of the surface topography, and (3) the ore 
lens grade, ore type, and confidence level data. All of these data 
had to be converted into a computer readable form so that they could 
be used as input to a model projection program. 
Digitizing the Cross Sections. The geometry of the ore lenses was 
converted into a computer readable form by digitizing the outline of 
the ore lenses as they are shown on each cross section. The outline 
of each lens was digitized as a series of points connected by straight 
line segments that ultimately close to form a polygon. The distance 
between adjacent points was determined by the degree of curvature of 
the lens outline. Where the lens boundary had a sharp curvature, 
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points were digitized as close as 2 meters (real distance). Where the 
lens boundary curvature was slight, points were digitized as far apart 
as 50 meters. 
The oreflens and crossfsection numbers, as defined by the geologist's 
cross sections, were keypunched. These labels provided the 
model^projection program the information it needed to link the 
cross^section geometry with the other ore lens characteristics, which 
had also been read into the program. 
Verifying the Cross Section Data. After all the ore lenses on each 
cross section were digitized, the accuracy of the data was verified by 
plotting the ore lens outlines on a computer plotter. The plots 
represented each lens as a shaded polygon. These verification plots 
were laid on top of their respective original cross sections, and any 
errors were refdigitied. 
Digitizing the Surface Topography. Using methods similar to those 
described for the cross sections, the surface topography maps were 
digitized. The coordinates of the contour lines, in 10+meter 
increments, were digitized and each contour line was labeled with its 
appropriate elevation value. As with the ore lens outlines, where the 
contour's curvature was sharp, many points were digitized, and where 
the curvature was slight, few points were digitzed. 
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Verifying the Surface Topography. The digitized topography data were 
read into a contourAplotting program. For each of the original 
topographic sheets, a verification map was prepared and checked 
against the original. Where the difference between the 
computer*plotted map and the original map was greater than 5 meters, 
corrections were made and a new verification map was plotted and 
checked. 
Constructing The Mineral Reserve Model 
The mineral reserve model consisted of a three-dimensional volume 
divided into a matrix of mining blocks, with each block characterized 
by parameters such as ore and waste tonnage. A computer program was 
used to determine the parameter values for each block from the 
computerized geologic data. This section describes the dimensions of 
the model, how the parameter values were determined, and how the 
completed mineral reserve model was used to compute the geologic 
reserves. The geologic reserves helped to verify that the block model 
had been correctly projected. 
The Model Dimensions. The mineral reserve model was defined as a 
block sufficient to contain the pit that would be produced if the 
entire Excelsior deposit were mined. This requires a block 4300 
meters long, 2000 meters wide, and 855 meters high (See Figure 17). 
The long axis of the model was oriented parallel to the axis of the 
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major Excelsior ore body. The top of the model was set at an 
elevation slightly above the highest topographic point within the 
model area. The bottom of the model was set slightly lower than the 
deepest mineralization in the deposit. 
The model region was divided into a matrix of mining blocks. Each 
block was 25 x 25 meters in plan view and 15 meters high. The vertical 
dimension was chosen to correspond to the planned bench height. The 
horizontal dimensions were chosen to accurately represent the 
deposit, with the total number of blocks held to a reasonable number 
to avoid excessive computer processing costs. 
When the model region was divided into mining blocks, the resulting 
model contained 57 benches, 80 rows, and 172 columns, for a total of 
784,320 mining blocks. 
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Characterizing The Mining Blocks. Each mining block in the model was 
characterized with the following six parameters: 
(1) The metric tons of ore in the block 
(2) The magnetite grade of the ore in the block 
(3) The metric tons of waste in the block 
(4) The status of the block, as follows: 
Status = 0 for blocks that are above topography (air) 
Status = 1 for blocks that have been mined out 
Status = 2 for blocks that are in-place and below topography 
(5) The percent of the block below topography 
(6) A material type code that combines the ore type and 
confidence level into a single code. 
The decision to keep the ore and the waste portions of each mining 
block separate was significant. In using this partial block model, it 
was assumed that the ore and waste in a block can be separated as the 
block is mined. In most mineral deposits this separation cannot be 
made, therefore, a block is classified as either ore or waste 
depending on whether its average grade is above or below an economic 
cutoff grade. In this particular case, the geologists had accounted 
for the waste and ore separation problem by not including any ore 
lenses in the cross sections that are less than 2 meters thick. Their 
assumption was that any lens larger than 2 meters can be separated 
from the surrounding waste rock as the deposit is mined. Any lenses 
less than 2 meters were characterized in the model as waste. 
The block parameters were computed by a block model projection 
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program, with the exceptions of the block status and the percentage of 
the block below topography (parameters 4 and 5). The block model 
projection program computes block parameters in a two*step process. 
In step 1 the program determines the ore lenses that project into each 
block and the percentage of the block volume occupied by each ore 
lens. In step 2 the actual value of each block parameter is computed 
based on these volumetric percentages. Both procedures are detailed 
in the following two sections. 
Step 1: Determining the Volumetric Percentages.   The program 
processes one mining block at a time. First, it divides each block 
into 75 cubes that are 5x5x5 meters. The crossAsection coordinate 
data are oriented within the model by entering into the computer 
coordinates of the end points of each section. Each cube is 
characterized by locating the cross section that is closest to the 
cube centroid. The program then projects the cube centroid onto the 
closest cross section. The projection is perpendicular to the plane 
of the section. The program determines whether the centroid of the 
cube projects inside the outline of an ore lens. If it does not, the 
cube is characterized as waste. If the centroid projects within an 
ore lens, the cube is assigned the ore type, grade, and confidence 
level of that particular lens. This process continues until all cubes 
within a mining block have been characterized. The volumetric portion 
of the block is calculated by dividing the number of cubes assigned to 
each ore body by 75, the total number of cubes in the block. 
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Step 2: Computing the Block Parameters. Because the ore density had 
not been measured in all drill cores and since the density of the 
Excelsior ore depended primarily on the amount of iron minerals it 
contained, the geologists developed a formula for estimating the 
specific gravity of an ore lens from the lens magnetite grade. This 
regression formula was developed from drill cores for which both the 
magnetite grade and specific gravity had been measured. 
The regression formula is: 
SG = 2.81 + 0.0161(F) 
Equation 6. 
where: -^ 
SG = estimated specific gravity of an ore lens 
(metric tons/cubic meter) 
F = grade of the ore lens (% magnetite). 
M5f 
The metric tons of waste in a mining block, were calculated by the 
formula: 
Wj= SG' x Q'j x 9375 
Equation 7. 
where: 
Wj = tons of waste in block j (metric tons) 
SG' = specific gravity of waste rock 
(metric tons/cubic meter) 
Q'j = volumetric portion of block j that is waste 
9375 = volume of a mining block (cubic meters). 
The specific gravity of waste rock in the Excelsior Deposit (SG') was 
estimated to be 2.67 metric tons/cubic meter. 
•46l 
The metric tons of ore in a mining block were calculated by the 
formula: 
1 
Oj - 9375 x £(SGk x Qjk) 
k=l 
Equation 8. 
where: 
Oj " tonnage of ore in block j (metric tons) 
SGk = specific gravity of ore lens k 
(metric tons/cubic meter) 
Qjk » volumetric portion of block j occupied by ore lens k 
1 
S = summation for the 1 ore bodies that occupy block j. 
k=l 
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The average magnetite grade    of all ore  In a  block,    was calculated by 
the formula: 
1 
2?(SGk x Qjk x Fk) 
k=l 
1 
2 (SGk x Qjk) 
k=l 
Equation 9. 
where: 
Gj = average grade of the ore in block j (% magnetite) 
Fk = grade of ore lens k (% magnetite). 
The industrial ore type of a block was defined by ' the ore type 
occupying the largest volumetric percentage of the block. Using this 
same process, a single confidence level was assigned to the entire 
block. Based on the ore type and confidence of a block, the 
appropriate material type code was assigned for the entire block. 
Computing" the Geologic Reserves 
Once all blocks in the model had been characterized, the geologic 
reserves represented by the block model were calculated. Geologic 
reserves are an estimate of the tonnage and grade of the minerals in 
the ground. They do not represent the economically minable reserves 
because not all of the geologic reserves are necessarily profitable to 
mine. The geologic reserves computed from the block model showed that 
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they contained 515,400,000 metric tons of ore at an average grade of 
72.32% magnetite. These block model reserves agreed within 1% of the 
reserves that the geologists had computed by hand from their cross 
sections. This close agreement indicated that, on the average, the 
cross sections had been correctly digitized and projected into a block 
model. 
Adding Surface Topography To The Model 
The final step in the calculation of the block model was the 
introduction of surface topography. This was necessary to quantify 
the portions of the blocks that were air, waste, and ore. The 
topography was included in the model by computing the status and the 
percentage of each block that lies below topography. These parameters 
were determined on the basis of the average surface elevation for each 
vertical column of blocks in the model. For each block in the column, 
the status and percentage below topography were determined as follows: 
1) If the bottom of the block was above the average surface 
elevation of the column, the status and the percentage below 
topography were set at zero (0); 
2) If the top of the block was below the average surface 
elevation of the column, then the status of the block was set at 
two (2) and the percentage below topography parameter was set at 
100; 
3) All other blocks are at the surface.  The status of these 
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blocks was set at two (2) and the percentage below topography was 
computed with the following formula: 
Bj = 100 x (S *Ej)/15 
Equation 10. 
where: 
Bj = percentage block j below topography(%) 
S = average surface elevation of the column (meters) 
Ej = elevation at the bottom of the block (meters) 
15 = vertical dimension of the block (meters). 
At this point, the block model was complete. Listings of the ore 
blocks and their parameters were prepared for reference, and several 
cross sections through the block model were plotted to help verify the 
model projection process. Four of these cross sections are shown in 
Figures 6 through 9. These sections correspond to the columns of the 
model that are closest to the original cross sections shown in Figures 
2 through 5. The block model cross sections show the location of each 
block and the cross hatching density indicates the relative amount of 
ore tonnage in each block. For engineering purposes, these types of 
cross sections were prepared at larger scales with the actual values 
of the block parameters plotted in each block. 
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APPLYING THE SAMPLE METHOD 
The Floating Cone Technique 
For this case study, the ultimate pit limits were computed using a 
computerized open*pit design technique called the floating cone 
method. This method calculates the optimum pit by determining what 
ore and waste can be mined at a profit without mining any material 
that would be mined at a loss. The method involves superimposing into 
the computerized block model a cone with sides set at a slope equal to 
the maximum allowable slope of the pit (See Figure 10). Each cone 
represents a mining increment; that is, a group of blocks that form a 
pit or a pit enlargement that is physically minable. Physically 
minable means that the increment can be mined without exceeding the 
maximum safe pit slope. In the floating^cone process the increments 
are evaluated to determine which of the physically minable increments 
are profitable increments. To do this, the value of the unmined 
material in a cone is calculated from the parameters of the blocks 
within the cone. When a profitable cone is found, all blocks within 
that cone are "mined" from the model. Once mined, a block is not 
evaluated as part of any subsequent cone. The program systematically 
moves the apex of the cone from block to block starting at the top of 
the model and proceeding bencb>byibench to the bottom of  the model. 
The blocks remaining in the model when the floating  cone process is 
complete, define the ultimate pit limits. 
*56* 
Figure 10.- The Floating Cone Method 
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To be classified as profitable, a cone must satisfy two requirements: 
(1) the block at the cone apex must itself be profitable, and (2) the 
unmined material, taken as a whole, must be profitable. The first 
requirement prevents ore in the upper part of the cone from paying for 
waste at the cone apex. If these two requirements are met, the status 
parameter of all blocks within the cone is set to 1, to indicate that 
they have been mined. 
The determination of whether a block falls inside or outside a cone is 
based on whether the centroid of the block falls inside or outside the 
cone. If the block centroid is in the cone, the entire block is 
considered in the cone. Conversely, if the block centroid is outside 
the cone, the entire block is considered outside the cone. In the 
floating cone process, a block is either left in place or mined; it is 
never partially mined. 
In applying the floating cone method, the cone is first moved through 
a full pass of the model. This process is then repeated on the 
mined*out model, because it is possible that the upper portion of a 
mineral deposit contains ore blocks that have been left unmined due to 
an excessive amount of waste above them. However, a portion of that 
waste may have been subsequently mined by cones centered on deeper 
ore. As a result, the profitability of this upper ore may have been 
increased to an acceptable level. If such is the case, the subsequent 
pass of the cone will profitably remove additional ore and waste.  In 
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theory, to produce precisely optimum ultimate pit limits requires that 
the floating cone be restarted at the top of the model each time a 
cone is removed from the model. In practice, this is almost never 
done because of the resulting high computer costs. Experience has 
shown that allowing the cone to make a full pass through, the model 
before restarting the cone at the top of the model produces results 
essentially identical to those that result when the cone is restarted 
after each cone removal. It is sufficient to make floating cone passes 
until only a few blocks are mined in the last pass (reference 46). 
Computing the Ultimate Pit Limits 
The SAMPLE method was applied using the floating cone technique by 
evaluating the profitability of an increment on the basis of the 
stripping ratio design parameter (See The Solution ). For each mining 
increment, the stripping ratio was calculated from the parameters of 
the Excelsior block model using the following formula developed from 
Equation 5: 
n 
2(Wj+Oj) 
SRi =   
n 
2 (Oj x Gj/100 x Rj/100) 
Equation 11. 
where: 
SRi = Stripping ratio of increment i 
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n 
2 =■ Summation over all n blocks in increment i. 
If the stripping ratio of an increment was higher than the specified 
value of the marginal ratio, then the increment was not profitable and 
it was not mined. If, on the other hand, the stripping ratio of the 
increment was lower than the specified marginal ratio, then the 
increment was considered profitable and it was mined. 
Based on an engineering study of the rock and soil conditions in the 
Excelsior area, a maximum allowable pit slope of 45 degrees was used 
throughout the analysis. 
Using a floating cone program, ultimate pit limits were calculated at 
seven (7) different marginal stripping ratios: 4:1, 6:1, 8:1, 9:1, 
10:1, 14:1, and 20:1. One characteristic of ultimate pit limits that 
helps make the SAMPLE method cost-effective is the ability to make a 
sequence of floating cone runs at a cost that is significantly lower 
than the costs that would be incurred if the same runs had been made 
one at a time. This characteristic derives from the fact that the 
ultimate pit limits computed at one marginal stripping ratio will be 
totally contained within the limits of a pit computed at a higher 
stripping ratio. For example, if pit limits have been calculated at a 
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4:1 marginal stripping ratio, then all material that can be mined at 
or below a 4:1 stripping ratio has been removed. If the pit limits 
are then calculated at a 6:1 stripping ratio, by definition, then all 
the material that had been mined at or below a 4:1 ratio will be 
minable. In addition, the 6:1 pit will also mine any material that can 
be mined at a stripping ratio between 4:1 and 6:1. This allows a mine 
planner to use a block model that has been partially mined-out for an 
analysis at a higher stripping ratio. Since the computer processing 
costs are roughly proportional to the amount of material removed from 
a pit, the cost of continually re-mining low stripping ratio material 
can be eliminated. 
The sensitivity analysis of the Excelsior deposit was made in a 
sequence of runs that took advantage of this cost savings. Based on 
today's market value of magnetite ore and mining costs, it was 
estimated that  the current break-even stripping ratio is about 9:1. 
Li However, since it was desirable to test the profitability of the 
deposit over a wide range of economic conditions, this range was 
roughly halved and doubled to establish the maximum and minimum 
stripping ratios for the sensitivity analysis of 4:1 and 20:1. Integer 
values of the stripping ratio were chosen only because the labeling of 
the runs was simplified. Because it is unlikely that the economics 
will reach these extremes, more emphasis was placed on detailing the 
range of stripping ratios closer to today's economics. Consequently, 
three runs were made at stripping ratios of 8:1, 9:1, and 10:1. Runs 
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at 6:1 and 14:1 were added to fill the gap between the detailed area 
and the extreme values. These seven runs were made in a sequence of 
increasing stripping ratio starting with the 4:1 and ending with the 
20:1 ratio. In each case the mined-out model of the previous run was 
used as the starting point for the.next highest stripping ratio. 
Each floating cone run produced a mined-out block model. The 
mined-out reserves were tabulated and a set of pit maps were plotted 
for each pit. Samples of these maps are shown in Figures 11 through 
16. 
Adjustments to the Floating Cone Pit Limits 
Restricted Areas. During the floating cone process, the cone was 
allowed to move freely throughout the entire model. This unrestricted 
movement resulted in the cone mining beyond the property boundary of 
the Excelsior mine. Consequently, the initial mined-out models were 
called Unrestricted models. To correct the situation, a computer file 
was created containing the model coordinates of all blocks that must 
remain in-place to insure the integrity of the property limits. These 
blocks form wedges with a 45 degree face angle: the maximum allowable 
pit slope. The uppermost levels of these wedges are parallel to the 
property boundaries. Any blocks within these wedges that had been 
mined by the floating cone were replaced by resetting their status 
code to 2. This resulted in a series of models that were labelled 
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Restricted models. 
Minimum Pit Bottoms. The single-block apex of the floating cone 
produced some pit bottoms that are insufficient for the mining 
equipment being considered for the Excelsior deposit. These pit 
bottoms had to be enlarged by raising the pit bottoms to the lowest 
level where the pit is large enough to accommodate equipment. An area 
150 meters by 150 meters was defined as the smallest acceptable pit 
bottom. Therefore, all ore and waste mined below the minimum-sized 
pit bottom were eliminated from the reserves. These new reserves were 
called Minable reserves. 
...        ^ 
RESULTS OF THE SAMPLE METHOD 
The Ultimate Pit Limits 
The results of the SAMPLE analysis are shown graphically in Figures 11 
through 14. The profile of the seven pits are shown on the same block 
model cross sections that are shown in Figures 6 through 9. The 4:1 
pit is always the shallowest pit and the 20:1 pit 4s always the 
deepest pit. The different pits are indicated by solid lines for the 
4:1, 8:1, 10:1, and 20:1 pits and dashed lines for the 6:1, 9:1, and 
14:1 pits. 
Plan views of the 9:1 and 20:1 pits are shown in Figures 15 and 16. 
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The lines indicate the position of every fifth bench. The benches are 
discontinuous where they intersect topography. The pits shown in these 
figures are the restricted pits that were adjusted for property 
limits, but not for minimum pit bottoms. Consequently, the plan views 
show a few pit bottoms that are smaller than the 150 meter minimum. 
Also indicated on these two sections by dashed lines are the locations 
of the vertical sections shown in Figures 11 through 14. 
A perspective view of the 20:1 pit is shown in Figure 17. 
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Placing The Mine Facilities 
The SAMPLE analysis results provided valuable information for the 
design of the Excelsior pit. In general, the mine facilities should 
be placed where they will not have to be moved when economic 
conditions change. By examining the pit cross sections those pit areas 
that will change significantly under different economic conditions can 
be identified and avoided. These area will be referred to as 
economically unstable. 
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The economic stability of the major pit areas was evaluated using the 
pit profiles in Figures 11 through 14. The results are summarized in 
the following table: 
THE ECONOMIC STABILITY 
OF THE EXCELSIOR PIT 
Model 
Column North South 
No. Wall 
Very 
Wall 
40 Unstable Unstable 
Slightly 
76 Stable Unstable 
101 Unstable Stable 
Very  * Very 
140 Stable Stable 
This is the restricted area of the pit and cannot 
be used for haulage roads or other facilities. 
The south side of the pit appears to be the most stable and would be 
the logical choice for locating the major mine facilities such as the 
ore crusher and ore processing plant. Therefore, the haulage roads 
should exit the pit on the south side to minimize the haulage 
distance. The south-side slopes on the east end of the pit are the 
most stable areas, and the bulk of the haulage road should be in these 
areas. The lower portion of the haulage road could be located on the 
north wall near Cross Section 76. 
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The plan views of the pits in Figures 15 and 16 show that the 
Excelsior pit is really composed of two intersecting pits: a large pit 
in the center and east end of the deposit, and a smaller pit on the 
west end. The west pit is the least stable area of the entire pit, and 
as few facilities should be placed here as possible. Furthermore, 
mining in this area should be postponed until as late in the mine life 
as possible. 
The Ore Reserves 
As part of the SAMPLE analysis the minable ore reserves were computed 
for each of the pits. To evaluate how the minable reserves of the 
Excelsior Deposit will increase or decrease as the economic 
environment changes, the ore reserve tonnages (Y axis) were plotted 
against the marginal stripping ratio (X axis). This plot is shown in 
Figure 18. In this graph several different classes of reserves were 
plotted to indicate the relative amounts of ore in each class under 
various economic conditions. The top line shows the geologic reserves 
of 515.4 million metric tons (tonnes). These reserves represent the 
minerals that are in the ground but are not necessarily profitable to 
mine. The geologic reserves are not affected by the marginal 
stripping ratio. 
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The next line shows the unrestricted ore reserves. The difference 
between the unrestricted reserves and the geologic reserves is the 
minerals that are not economically minable. As expected, more of the 
unprofitable mineral reserves became profitable to mine as the 
marginal stripping ratio was increased. 
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The restricted reserves are indicated by the next line. The area 
between the restricted and unrestricted reserve lines is the ore that 
cannot be mined unless the edge of the pit extends beyond the property 
line. 
The next line indicates the minable reserves. The area between the 
minable and restricted reserves represents the ore that could not be 
mined because of the minimum pit bottom limitation. 
The bottom line indicates the minable ore reserves; that is, the 
metric tons of ore that can be mined profitably within the propoerty 
limits using equipment that requires a 150 x 150 meter working area. 
The SAMPLE method provides a detailed picture of how each of the 
classes of reserves changes as the economic conditions change. In 
this case, the most significant result is the large increase in the 
minable ore reserves as the stripping ratio increases between 4:1 and 
10:1. At stripping ratios higher than 10:1 the minable reserves 
increase only slightly. The 10:1 stripping ratio is a break-point, 
beyond which only limited amounts of reserves are available at very 
high stripping ratios. 
Since current economics conditions dictate a 9:1 marginal stripping 
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ratio, we can conclude: 
The minable ore reserves of the Excelsior Deposit will 
increase only slightly with large increases in the 
market value of magnetite ore or reductions in mining or 
processing costs. 
On the other hand, 
The minable ore reserves of the Excelsior Deposit will 
decrease significantly with large decreases in the 
market value of magnetite ore or large increases in 
mining or processing costs. 
Using the formula for the break-even stripping ratio from Equation 4, 
these conclusions can be stated in more quantitative terms. For 
example, if mining costs are cut in half , then the profitable 
reserves will increase only about 5%. On the other hand, if mining 
costs double, then the reserves that can be mined profitably will be 
reduced by about 20%. 
Economic changes of this magnitude are unlikely, however. A change in 
the mining costs of 25% is very likely. This 25% decrease in mining 
costs would increase the ore reserves by about 3.2%. The same sized 
increase in mining costs would decrease the reserves by 5.0%. 
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Significance of the Results 
This case study demonstrates that ultimate pit limits can be evaluated 
on the basis of the proposed stripping ratio design parameter. The 
plots of the ultimate pit limits in Figures 11 through 17 show that 
the pit configurations are as expected. Specifically, 
1. The pit walls are not steeper than the specified maximum pit 
slope. 
2. The pits are concentric; that is, each pit is totally 
contained within the other pits that are computed at higher 
stripping ratios. 
3. The pit locations are consistent with the location of the ore 
in the block model. 
4. The pit configuration is similar to the preliminary pit 
limits that had been developed manually for the Excelsior 
deposit. 
Likewise, the reserve report for the various pits is consistent with 
the expectation that higher stripping ratios yield larger tonnages of 
minable reserves.  Furthermore, the various classes of ore reserves 
are logical and consistent fractions of the geologic reserves. 
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CONCLUSIONS AND RECOMMENDATIONS 
EVALUATION OF THE SOLUTION 
In general, the assessment of the ultimate pit limits (1) sets 
physical bounds on the dimensions of a mine and (2) estimates the 
minable ore reserves plus the waste rock that must be mined. The ore 
reserves and waste removal requirements provide the data necessary to 
estimate the net profits of a mine. Thus, at this stage of mine 
planning, the economic viability of the mining venture can be roughly 
evaluated. 
Advantages of the SAMPLE Method 
In addition to fulfilling these basic functions of the ultimate pit 
limits, the SAMPLE method has these three advantages: 
1. The method produces a series of ultimate-pit-limit maps and reserve 
reports that are applicable across a spectrum of future economic 
conditions. All an engineer needs to do to select the appropriate map 
and reserve report is calculate the current break-even stripping ratio 
from the mining and processing costs and the market value of the ore. 
A series of pit limits developed by the SAMPLE method is valid as long 
as the geologic model used in the analysis is valid. 
2. The method produces valuable information for selecting sites for 
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mine facilities such as haulage roads and ore crushers. By 
identifying areas of low economic stability, the SAMPLE method helps 
the mine planner place facilities where they have the least chance of 
having to be relocated. The same information helps to sequence the pit 
operations by identifying which portions of the reserves are the most 
profitable. By mining these highly profitable areas first, the 
return-on-investment of the venture can be improved by increasing the 
cash flow in the early years of the mine. 
3. The method produces reserve reports that show the effects of the 
economic environment on the minable reserves. This is the basic data 
that an analyst needs for a financial risk analysis of the mining 
venture. Such an analysis evaluates the venture not only in today's 
economy, but also over the full spectrum of future economic 
conditions. This kind of information helps managers decide whether to 
abandon or continue the mining venture. 
Short-Comings of the SAMPLE Method 
In spite of its advantages, the SAMPLE method has these limitations: 
1. The cost of using the SAMPLE method is higher than the cost of 
computing a single ultimate pit limit. Although the computer costs of 
using the SAMPLE method are higher, they are not proportional to the 
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number of pits evaluated. For example, in the evaluation of the 
Excelsior Deposit, the cost of computing the seven pits was only 2.4 
times the cost of computing a single pit. 
2. The cost model that is the basis of the stripping-ratio pit-design 
parameter is not necessarily applicable to all deposits. The cost 
model defined by Equation 2 is based on the assumption that the ore 
processing costs are proportional to the amount of product produced 
(OixGixRi). Although this assumption is valid for most deposits, 
there are cases where it is not valid, specifically in deposits where 
the ore crushing and grinding costs represent a large portion of the 
processing costs and the ore grade is highly variable. Under these 
conditions, producing a ton of product from high grade ore is 
considerably less expensive than producing a ton of product from low 
grade ore because more low grade ore has to be crushed to yield the 
same amount of product. The SAMPLE-method cost model assumes that the 
processing costs are the same in both cases. 
3. Although the SAMPLE method accounts for uncertainty in the economic 
environment, it does not account for uncertainty in the 
characterization of the mineral reserve. 
CONCLUSION 
The SAMPLE method is a practical way to assess ultimate open-pit mine 
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limits in a changing economic environment. Except for mineral 
deposits with highly variable grades and high ore crushing costs, the 
SAMPLE method is applicable to most mineral and coal deposits. The 
higher computation costs of using the method are far outweighed by the 
depth and thoroughness of the analysis it provides. 
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